We theoretically investigate the use of Rayleigh surface acoustic waves (SAWs) for refractive index modulation in optical waveguides consisting of amophous dielectrics. Considering low-loss Si3N4 waveguides with a standard core cross section of 4.4×0.03 µm 2 size, buried 8-µm deep in a SiO2 cladding we compare surface acoustic wave generation in various different geometries via a piezo-active, lead zirconate titanate film placed on top of the surface and driven via an interdigitized transducer (IDT). Using numerical solutions of the acoustic and optical wave equations, we determine the strain distribution of SAW modes under resonant excitation, and the electric field distribution of the fundamental optical mode near the waveguide core. From the overlap of the acoustic strain field with the optical mode field we calculate and maximize the attainable amplitude of index modulation in the waveguide. For the example of a near-infrared wavelength of 840 nm, a maximum relative refractive index modulation of 1.2x10 −3 was obtained for an IDT period of 30 µm, a film thickness of 4 µm, and using an IDT voltage and modulation frequency of 10 V and 90 MHz, respectively. This relative index change is about 300-times higher than in previous work based on non-resonant proximity piezo-actuation, and the modulation frequency is about 200-times higher. Exploiting the maximum relative index change of 1.2×10
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Abstract
We theoretically investigate the use of Rayleigh surface acoustic waves (SAWs) for refractive index modulation in optical waveguides consisting of amophous dielectrics. Considering low-loss Si3N4 waveguides with a standard core cross section of 4.4×0.03 µm 2 size, buried 8-µm deep in a SiO2 cladding we compare surface acoustic wave generation in various different geometries via a piezo-active, lead zirconate titanate film placed on top of the surface and driven via an interdigitized transducer (IDT). Using numerical solutions of the acoustic and optical wave equations, we determine the strain distribution of SAW modes under resonant excitation, and the electric field distribution of the fundamental optical mode near the waveguide core. From the overlap of the acoustic strain field with the optical mode field we calculate and maximize the attainable amplitude of index modulation in the waveguide. For the example of a near-infrared wavelength of 840 nm, a maximum relative refractive index modulation of 1.2x10 −3 was obtained for an IDT period of 30 µm, a film thickness of 4 µm, and using an IDT voltage and modulation frequency of 10 V and 90 MHz, respectively. This relative index change is about 300-times higher than in previous work based on non-resonant proximity piezo-actuation, and the modulation frequency is about 200-times higher. Exploiting the maximum relative index change of 1.2×10 −3 in a MachZehnder modulator should allow full-contrast modulation in devices as short as 120 µm.
Introduction
Integrated optical waveguides fabricated from stoichiometric silicon nitride (Si 3 N 4 ) using low pressure chemical vapour deposition (LPCVD) can offer ultra-low loss, are transparent from visible to near-infrared wavelengths [1, 2] and, therefore, are of high interest for numerous applications. These include communications [3] , sources for nonlinear microscopy [4] , optical coherence tomography [5] , biosensors [6] , microwave photonics [7, 8] , ultra-narrow bandwidth hybrid lasers [9] and supercontinuum generation [4, 10] . Due to a high index contrast with regard to the SiO 2 cladding, these waveguides enable dense, complex and reconfigurable integrated photonic circuits [11] [12] [13] .
Typically, light modulation in silicon nitride waveguides relies on the thermo-optic effect and is based on a thermally induced phase shift between the two arms of a Mach-Zehnder interferometer [14] . State-of-the-art thermooptic modulators provide up to 1 kHz modulation speed, while the dissipation of heating power is often undesired, because it can be as large as 500 mW per modulator [7] . Applications that rely on a high density of modulators, e.g., as in reconfigurable photonic circuits [12] , would greatly benefit from modulation techniques with lower dissipation, while applications needing fast modulation of the light would greatly benefit from techniques with higher switching or modulation speeds. A technique, which may provide both benefits simultaneously, may be based on the strain-optic effect [15, 16] where stress induced in the waveguide results in a change of the effective refractive index. The strain-optic effect has been studied in various integrated photonic systems [17, 18] . Specifically in the waveguide platform investigated here (LPCVD Si 3 N 4 /SiO 2 ) there is so far only a single implementation. In [18] , Hosseini et al. showed an approach with a 2 µm-thick layer of crystalline lead zirconate titanate (PZT) deposited on top of a silicon nitride Mach-Zehnder interferometer (MZI) with the core of the waveguides positioned 8 µm below the PZT layer. Via an electrode placed on top of the PZT layer above one of the interferometer arms of the MZI, the stress within that arm could be locally controlled via the electrode voltage. The power consumption was reduced significantly, by six order of magnitude. Also the modulation frequency could be raised, up to 600 kHz (at -3 db bandwidth). However, further increasing the modulation frequency was not possible. In that approach this would require a smaller capacitance resulting in a reduced electrode area, but this would reduce the induced stress and thereby the induced index change. The maximum index modulation remained rather small, at around 5 ×10 −6 with an optimum geometry. This reduces the overall induced phase shift as required for decreasing the arm length of the interferometer. Much higher modulation frequencies are possible with a more sophisticated electrode structure, using so-called interdigital transducers (IDTs) that resonantly excite surface acoustic waves (SAWs). For instance, optical modulation at a frequency of 520 MHz was demonstrated for a compact MZI consisting of conventional ridge waveguides of GaAs with an active region of only 15 µm [19] , while acousto-optic modulation of photonic resonators on thin polycrystalline aluminum nitride films has been demonstrated for modulation frequencies reaching well into the microwave range [20, 21] . In Si 3 N 4 stress-induced optical modulation at frequencies above the MHz are not yet available.
Here, we theoretically investigate exploiting SAW-induced effective refractive index changes for realizing faster and smaller modulators with Si 3 N 4 waveguides.
Using numerical methods we calculate the index modulation experienced by the fundamental optical mode propagating through a Si 3 N 4 core buried in a SiO 2 cladding. The special interest in this particular geometry is that no deterioration of the ultra-low optical propagation loss is expected. The reason for that is that the cladding is assumed to be thick enough to make the optical field negligible at the location of the thin PZT film that is on top of the cladding. At the same time, the penetration depth of SAWs is large enough, on the order of the acoustic wavelength, λ R , in the material [22, 23] , which allows for a good overlap of the SAW with the optical wave even for high modulation frequencies in the 100 MHz range. The SAW is considered to be launched using an IDT. Compared to the unstructured electrode arrangement used by Hosseini et al. [18] , we show below that the fine structuring of the IDT allows typically 200-times higher modulation frequencies while resonant excitation yields a 300-fold increase in index modulation. Another advantage of employing SAWs is that tensile strain can be applied in one interferometer arm, simultaneously applying compressive strain in the other arm, which effectively reduces the length of the arms by a factor of two to obtain full light modulation [19] .
In the following we consider acousto-optic modulation using a MZI, in a setting where the acoustic wave propagates perpendicular to the optical waveguide axis of the two arms of the MZI as shown in Fig. 1 . We briefly discuss the relation between strain and the refractive index and the surface acoustic wave of interest. We then present the geometry studied and how the simulations are performed. We investigate how the induced strain and, consequently, the effective refractive index, depends on the thickness of the PZT layer and the period of the IDT used to generated the SAW. Finally, we use the maximum change in effective refractive index to determine the required length of the MZI to obtain full modulation of the optical wave. The maximum relative change of the effective waveguide index in our arrangement was found to be 0.12 %, at a frequency of 90 MHz, which yields full modulation with a relatively short arm length of 120 µm, i.e., about 80-times shorter than the proximity piezo methods described above.
Acousto-optic refractive index modulation
The response of a material to an applied electric field, an acoustic wave, or a combination of the two, strongly depends on the type of material. Here, we are interested on one hand in generating a strong acoustic wave using the piezoelectric effect [24, 25] . On the other hand, we intend to use strain in amorphous waveguide core (Si 3 N 4 ) and cladding (SiO 2 ) materials (which do not possess a piezoelectric effect) to cause strain-induced changes in refractive index [24, 25] . The strain can be compressive or tensile, leading to an increase or decrease in local refractive index, respectively. In a microscopic picture, strain changes both the number of microscopic dipoles per unit volume and the microscopic potential. This volume change determines the induced dipole driven by the applied optical field and thus changes the optical susceptibility tensor, χ, of the material. In the most general case of an anisotropic material, the relation between the change in the inverse of the dielectric tensor and the applied strain is given by [16, 26] , Figure 1 : Artistic impression of a waveguide (in blue) based Mach-Zehnder interferometer. Half of the electrode structure and piezo layer is not shown to enable a full view on the interferometer (dark blue waveguides). The inteferometer waveguides are buried in SiO2 (light grey) deposited on a silicon subtrate (dark grey).
where ε = ε 0 (1 + χ) is the dielectric tensor, ε 0 is the vacuum permittivity, S is the strain tensor and p is the dimensionless strain-optic tensor. The indices, i, j, k and l designate the three Cartesian coordinates. For isotropic materials such as the amorphous materials investigated here, and assuming small changes in the inverse dielectric tensor, eq. 1 can be simplified. In this case, the related change in refractive index is given by [27, 28] 
Here, ∆n x is the change in refractive index for linear polarized light along the x direction, n 0 is the refractive index of the material in absence of any strain, S i is the strain applied in the i-direction (i = x, y) and the contracted indices notation is used [16] . The change in refractive index for the other polarization direction is obtained via exchanging the strain-tensor components,
In this work, strain in the region of the optical mode is induced by an acoustic wave. As the optical mode is confined to an area just a few micrometer below the surface of the cladding, for obtaining a strong interaction, the surface acoustic wave (SAW) is the most appropriate acoustic wave to consider for a strong interaction. The reason is that a SAW travels along the surface of an elastic material with most of its energy and strain confined within a small region, with a thickness of the order of the acoustic wavelength, below the surface and thus can provide good overlap between the strain induced by the SAW and the optical mode. Of various different surface waves possible, we focus on Rayleigh surface acoustic waves, which are characterized by a correlated transverse and longitudinal motion at the surface. This results in volume elements traversing an elliptical path when the wave passes [29] . The motivation to investigate Rayleigh waves is that the considered SAW 1 has low dispersion, as long as the elastic modulus near the surface does not change [29] , making them suitable for the modulation of broadband signals [30] .
If the SAW is launched perpendicular to the two arms of a MZI as depicted in Fig 2, and the two arms of length L are separated by half an acoustic wavelength, one arm experiences compressive strain and the other tensile strain. The phase shift of light leaving either interferometer arm with respect to the light entering the interferometer is given by
where ∆n is the change in effective refractive index, n eff , of the optical mode, which is opposite in sign for the two arms, n eff = cβ ω , c is the speed of light in vacuum, β is the propagation constant for the fundamental mode, ω is the light frequency and λ is the vacuum wavelength. When the light is combined at the output of the MZI, the total phase difference is
A total phase difference of ∆ϕ t = π is required for full light modulation. Therefore, when the length L is equal to
light is fully modulated with a modulation frequency equal to the frequency of the SAW. The latter equation shows that a weak index modulation (small ∆n) would require long arm lengths or interaction lengths, which is undesired for compact, integrated waveguide circuits with a high density of components. For providing full modulation also with short interaction lengths, a SAW is ideally created in a material having a large piezoelectric coefficient. For our calculations we consider lead zirconate titanate (PZT), because PZT is known as high performance piezoelectric material and commonly used in actuators and sensors [31] . Another advantage is that thin PZT layers have already been successfully deposited on Si 3 N 4 waveguides in a SiO 2 cladding [18] by using a Ti/Pt bilayer as seed for epitaxial growth of the PZT [18] on top of the amorphous SiO 2 cladding material. The PZT layer may be grown using pulsed laser deposition [18] or alternative techniques like liquid-phase growth [32] . The different seeding techniques allow configurations with and without a conducting layer between the amorphous cladding and crystalline PZT. The generation and comparison of SAWs in various such geometries is presented in the next section.
Geometry and simulation domain
The geometries considered here are shown schematically in Fig. 2 (a) and as cross-sections in (b-f). The optical design comprises a typical low-loss optical waveguide having a Si 3 N 4 core of height 30 nm and width 4.4 µm embedded symmetrically in a 16 µm thick SiO 2 cladding on top of a Si wafer substrate, i.e., at 8 µm distance from the Si and SiO 2 interfaces. The strain-optic tensor is not known for Si 3 N 4 . However, due to the small core thickness the optical mode is mostly outside the core and a modulation of the effective refractive index is dominantly caused by the strain-optic effect in the SiO 2 cladding. The thickness of the cladding, 8 µm, is taken big enough that the optical mode does not extend to the end of the cladding, in order to render optical losses due to surface layers or the substrate negligible. The top of the SiO 2 cladding contains a thin conductive or dielectric seeding layer that allows the growth of c-oriented PZT. The thickness, d, of the PZT layer was varied to determine the optimum thickness for excitation of the SAW. A split-finger IDT configuration is used to excite the SAW without first order Bragg reflections [30] . In order to maximize the optical modulation amplitude, we investigate the effect of the location of the conductive (i.e. gold) electrodes of the IDT and a seeding layer in four different configurations.
The first consists of the IDT electrodes at the PZT-air interface and a conductive seeding layer at the SiO 2 -PZT interface (ETC, Fig. 2(c) ). The second, consists of the IDT electrode on top of the PZT layer with a dielectric seed layer (shown in blue) (ETD, Fig. 2(d) ). The third and fourth configurations have the IDT electrode at the SiO 2 -PZT interface and have a conductive layer (EBC, Fig. 2 (e)) or simply a bare PZT-air interface (EBD, Fig. 2(f) ). Configurations EBC and EBD have both a thin seed dielectric nanosheet deposited on top of the IDT electrode to allow crystalline growth of the PZT layer. Because the seed dielectric layer is only a few nm thick and is considered to have perfect adhesion to SiO 2 it would not notably affect the acoustic wave, and is not included in the model.
The IDT generates a SAW and the associated strain induces a change in refractive index in both the cladding and the core. However, the optical modulation amplitude is expected to depend on the strain distribution of the excited SAW and its overlap with the optical mode. In order to determine the degree of overlap, the strain distribution is calculated by finding the fundamental SAW eigenmode for the four configurations using a finite-element eigenmode solver [33] . For these calculations, we use the two-dimensional unit cell shown in Fig. 2(b) , which consists of one period of the split finger IDT electrode and the layers below (and layers above in case of configurations EBC and EBD). To maximize the strain at the location of the optical mode, the waveguide core is positioned in the horizontal direction, x, in Fig. 2 , to lie symmetrically underneath the gap of two IDT electrodes. Platinum is selected for the conductive seed layer material (gray) and gold (yellow) for the conductive layer on top of the PZT. Both layers as well as the gold electrodes of the IDT are taken as 100 nm thick.
The acoustic boundary conditions applied to the unit cell are a free displacement condition at the air interface, a zero displacement condition at the bottom of Si substrate and a periodic boundary condition at the two remaining boundaries. In order to ensure that the SAW has negligible amplitude near the bottom of the substrate and the zero displacement boundary condition does not affect the solution, the height of the Si substrate was found not to affect the solutions for heights larger than 5Λ, where Λ is the period of the IDT electrode.
For the calculation of the optical field distribution, the optical boundary conditions were taken as zero-field conditions at all outer boundaries. This is well-justified because with the chosen index and size parameters the optical field is confined closely around the core as compared to the thickness of the cladding. The refractive indices for the Si 3 N 4 core and SiO 2 cladding materials are taken from Luke et al. [34] .
To calculate the resonant acoustic frequencies for each of the configurations as a function of both the thickness, d, of the PZT layer and period, Λ, of the IDT electrode, we used an eigenmode solver. Note that a resonant frequency corresponds to the modulation frequency of the light in a properly configured Mach-Zehnder interferometer. To determine the effective refractive index at the location of the optical mode, it is required that the applied voltage is chosen to oscillate at the resonant frequency. The electro-mechanical coupling coefficient was obtained by performing a frequency-domain simulation using the same unit cell as shown in Fig. 2(b) and calculating the strain distribution when a sinusoidal voltage with a given amplitude (we chose 10 V) and a frequency equal to the resonant acoustic frequency is applied to the IDT electrode. Also for this study, we investigated the dependence of the induced strain on d and Λ. The various isotropic material properties used in the simulation are listed in table 
where the coefficients for PZT are c 11 = 134. 
and the relative permittivity tensor, ε T , is given by [37]
where the superscript T indicates that the relative permittivity tensor is measured under constant stress.
Results
Acoustic wave generation
We are interested in MZI-based modulation with a maximum optical phase change in the interferometer arms. Therefore we consider a geometry where the SAW propagation direction is perpendicular to the optical axis of the waveguide, as in Figs. 1 and 2 . The modulation frequency is taken as equal to the resonant frequency of the fundamental SAW. In this case, the acoustic wavelength, λ R , and frequency, f R , are equal to the period, Λ, and driving frequency of the IDT, respectively. The relation between f R and Λ R is given by
where v R is the phase velocity of the SAW. In general, v R varies with Λ, d and the different IDT configurations such that the modulation frequency of the optical wave will also vary with these parameters. Figure 3(a) shows the acoustic frequency, f R , of the fundamental SAW as a function of the IDT period, Λ, for a fixed PZT layer thickness of d = 2.5 µm in the four geometries shown in Fig. 2(c-f) . Similarly, Fig. 3(b) shows f R as a function of the PZT thickness, d, for a fixed IDT period of Λ = 30 µm and the four geometries. Figure 3(a) shows that the acoustic frequency monotonically decreases for all configurations as the IDT period increases. It can be seen that for large periods, all four configurations have approximately the same resonant acoustic frequency, while for shorter periods the configurations ETD and EBD posses a slightly higher resonant acoustic frequency compared to the configurations ETC and EBC. Figure 3 (b) shows as well that the frequency decreases monotonically for all configurations as the layer thickness increases. The configurations ETC and EBC show nearly identical resonant acoustic frequencies when the layer thickness is varied. For small layer thickness, the resonant acoustic frequency for configuration EBD is somewhat higher than that produced by configuration ETD. For larger layer thickness, the situation is reversed, i.e., the resonant acoustic frequency for configuration EBD is somewhat lower than that for configuration ETD.
The different resonant acoustic frequencies, found when the thickness of the layer is varied at constant IDT period, indicate that the sound velocity of the acoustic wave is affected by the amount of PZT material present. On the other hand, for a fixed geometry and varying only the IDT period, i.e., the period of the acoustic wave, we observe a strong increase in the resonant frequency when the period decreases ( Fig. 3(a) ), which is to be expected from the reciprocal relation between frequency and wavelength (c.f. eq. 10). In summary, when the PZT layer is terminated with a conductive layer opposite to the IDT electrode, the resonant acoustic frequency is somewhat lower and is almost independent of the location of the IDT electrode (at PZT-air interface or SiO 2 -PZT interface), while when it is terminated with a dielectric layer, the resonant frequency is somewhat higher and is affected by the location of the IDT electrode.
In order to determine the change in effective refractive index of the fundamental optical mode that is induced by the SAW, the strain distribution generated by the SAW withing the volume of the optical mode has to be calculated. A frequency domain analysis is performed to calculate the induced strain when a sinusoidal voltage is applied at a near resonant acoustic frequency to the IDT electrode. We note that with our symmetric unit cell (see Fig. 2(b) ) the frequency domain analysis showed zero strain when excited at exactly the resonant frequency. However, when moving the frequency slightly off resonance, a nonzero strain is obtained. Adding acoustic damping to the cladding and piezo regions (see parameters in table 1), provides a physically realistic and numerically stable response.
A typical example of the strain distribution amplitude generated by the fundamental SAW when a voltage signal with an amplitude of 10 V is applied to the IDT electrode is shown in Fig. 4 for the configuration ETD with Λ = 15 µm and d = 2 µm, which corresponds to modulation with f R = 150 MHz. In this figure, only the region of interest is shown, i.e., the region containing the waveguide's core and cladding. The origin of the coordinate system coincides with the center of the optical waveguide, and y = 8 µm coincides with the SiO 2 -PZT interface. The z-axis (along which the optical mode propagates) points along the axis of the waveguide, normal to x and y. Figure 4(a) shows the modulus of the induced strain in the x-direction, |S x |, and Fig. 4(b) for strain the y-direction, |S y |. We observe that with increasing depth, |S x | grows from a nearzero value at y ≈ 8 µm, reaching a maximum before decreasing again towards y = −8 µm. Inspecting S x within the PZT layer shows that S x changes sign as a function of depth and therefore there is a depth at which S x is zero. Note that for the parameters of Fig. 4 , this depth is at the upper edge of the region plotted (near the SiO 2 -PZT interface) and moves to smaller y values, i.e., larger depth below the PZT layer, when Λ increases. In contrast to horizontal strain, the vertical strain, S y , does not change sign and |S y | decreases monotonically with increasing depth, as seen in Fig. 4 
(b). Comparison of Figs. 4(a) and (b)
shows that |S y | is the dominant strain at the location of the waveguide core and is typically a factor of 2 or more larger than |S x |. This typical example shows that the SAW-induced strain easily extends to the core of the optical waveguide and, therefore, a good overlap between the induced strain and optical mode is expected.
Two of the other configurations (EBC and EBD) exhibit similar strain patterns (not separately shown), although with different strength. The remaining configuration, ETC displayed a different behaviour in that the induced strain in the cladding region was significantly smaller (about six orders of magnitude) than for the other configurations. Apparently, the presence of the Pt layer between the PZT and SiO 2 , together with the presence of acoustic damping, results in a very poor coupling of the generated SAW into the cladding region. We note that by artificially turning off the acoustic damping, a similar behaviour for the strain was obtained as for the other configurations. In the remainder of this work we will only consider the configurations ETD, EBC and EBD.
Maximizing strain
In order to quantify how the strain can be maximized via variation of the thickness of the PZT layer and the period of the IDT electrode, we plot in Fig. 5 It can be seen in Fig. 5 (a) that, with increasing IDT period, |S y | at the center of the optical waveguide increases before reaching a maximum. Increasing the IDT period further results in a decreasing |S y |. The overall dependence of |S y | on Λ is very similar for the three configurations, however, it can be seen that EBC produces the largest strain at the center of the waveguide for an IDT period that is smallest for the three configurations. Figure 5 (a) also shows an increased decay of |S y | for periods Λ 25 µm for configuration EBC compared to the other two configurations. The behaviour of |S y | at the center of the optical waveguide can be explained as follows.
As the IDT period increases, the acoustic wavelength of the SAW increases and the wave penetrates deeper into the structure towards the waveguide core. Consequently, the strain, |S y |, at the location of the core is expected to increase. However, at the same time the volume corresponding to a single acoustic period increases as well. As the IDT electrode is powered by a constant voltage signal, this results in a decreasing amplitude of the sound wave and, consequently, the induced strain. The balance of these two effects is what gives rise to the maximum observed in Fig. 5(a) . The different electric field distribution when a conductive layer is present opposite of the IDT electrode results in a more efficient excitation of the SAW wave for the optimum IDT period and PZT layer thickness combination at the cost of a faster decay in SAW excitation when the combinations moves away from the optimum.
A similar trend is visible in the dependence of |S y | on d as shown in Fig. 5 (b) for the three configurations and Λ = 25 µm. Again, the configuration with the 100-nm gold layer on top (EBC) provides the largest strain, |S y |, at the waveguide core, followed by the configurations EBD and ETD. We also observe a maximum in the strain as function of the layer thickness, d, of the PZT layer, although the strain is near maximum over a wide range of thickness values (1 µm < d < 3 µm) for configurations EBD and ETD. Figure 5 (b) also shows that for configuration EBC the maximum strain is obtained at a larger PZT layer thickness than for the other two configurations. As expected, |S y | starts dropping to zero for small values of d, although much faster for EBC than for the other two configurations. As the acoustic wavelength is not changed when the layer thickness is varied, these results show that there is an optimum thickness for the PZT layer to couple the electrical power supplied to the IDT into the SAW wave. This also maximizes the strain at the core of the waveguide, the value of which varies with the IDT period and depends on the configuration used. We attribute the larger maximum strain and higher sensitivity to the PZT layer thickness of configuration EBC to the 100-nm thick gold layer on top of the PZT layer, which affects the electric field distribution inside the PZT layer such that it produces the largest-amplitude SAW under optimum conditions. In summary so far, we find that in order to maximize the acoustic modulation frequency, all configurations require a thin PZT layer and a small IDT period. Of the three configurations studied, ETD and EBD provide almost equal modulation frequencies for a given d and Λ, which are somewhat higher than those for the two other configurations. However, the need to create maximum strain in the area of the optical mode requires an optimum IDT period with corresponding optimum PZT layer thickness, which will ultimately limit the maximum modulation frequency (via a decreasing index modulation) that can be realized.
Modulation of the effective refractive index
In this section we use the calculated strain induced in the core and cladding to obtain the change in effective refractive index for the fundamental mode propagating through the optical waveguide as function of d and Λ and for the three relevant configurations.
As shown in the previous section, at modulation frequencies of the order of 100 MHz the SAW-induced strain extends well into the cladding and should be able to cover the whole cross-sectional area occupied by the optical mode. This strain will lead to a change in the refractive index of the cladding and core via eqs. 2 and 3, the strength of the coupling being set by the strain-optic coefficients. The strain-optic coefficients are not known for Si 3 N 4 , however, due to our choice of a small core area and high aspect ratio, the influence of the core on the effective refractive index of the optical mode can be neglected. In the model we take the strain-optic coefficients for Si 3 N 4 equal to zero, to obtain a lower bound of the change in effective refractive index that can be realized. For SiO 2 we take the strain-optic coefficients to be equal to p 11 = 0.118 and p 12 = 0.252 [38] [39] [40] [41] . Due to the difference in strain in the x-and y-direction, the refractive index experienced by the mode is different for the quasi-TE and quasi-TM polarization [42] . To find the effective refractive index for the fundamental mode for the two polarization directions, we take the calculated strain and add the appropriate change in refractive index to the material refractive index [28] (using eq. 2 for the quasi-TE and eq. 3 for the quasi-TM polarization). Subsequently we use the eigenmode solver [33] to determine the propagation constant, β, and the spatial shape and field distribution for the fundamental quasi-TM mode. We then calculate the effective refractive index of this mode, n eff = cβ/ω, and determine the difference, ∆n, with the effective refractive index for the same mode in absence of a SAW.
Since the waveguide geometry we choose is meant for the visible and nearinfrared applications [43] , we selected an intermediate wavelength (λ= 840 nm as an example). Figure 6 shows the normalized intensity distribution of the fundamental guided mode with vertical polarization (quasi-TM mode), core area of 4.4 × 0.03 µm 2 and using the same coordinate system as for Fig. 4 . We observe that the mode is confined around the core and has negligible amplitude already being 5 µm away from the core. The effective refractive index for this mode is found to be n eff = 1.4646, which is close to the refractive index of the SiO 2 cladding. This confirms that most of the optical field is outside the Si 3 N 4 core and that approximating the influence of the strain in the core as negligible is justified. When the SAW-induced strain is applied, the transverse shape of the intensity distribution as displayed in Fig. 6 is almost unaffected by the slight change in refractive index of the cladding material (in the order of 10 −3 ), however, the longitudinal propagation constant is changed and, hence, the effective refractive index.
Effective refractive index dependency on IDT periodicity
In Fig. 7(a-c) we show the calculated relative change in effective refractive index, ∆n/n eff , for the fundamental mode with TM polarization as a function of the IDT period, Λ, for the configurations ETD (a), EBD (b), and EBC (c), respectively. In each case, ∆n/n eff is calculated for three different thicknesses of the PZT layer, d =2.5, 3 and 3.0 µm, while the voltage signal applied to the IDT period is maintained at a constant amplitude of 10 V with a configuration dependent near-resonant frequency (see Fig. 3 ). As expected from the calculations of the strain at the center of the waveguide core (see Fig. 4 ), Fig. 7 shows an initial increase in the relative change in effective refractive index with increasing period of the IDT before reaching a maximum and then starts to decrease when the period is further increased. This behaviour is found for all three configurations investigated. However, the maximum ∆n/n eff is largest for the EBC configuration followed by the EBD and the ETD configurations, for which the maximum change in relative refractive index is smaller by a factor of 1.2 and 1.5, respectively. Furthermore, Fig. 7 shows that the maximum change in effective refractive index shifts to a lower value of Λ when going from configuration ETD via EBD to EBC. According to Fig. 3 , this leads to a higher modulation frequency, from around 90 MHz to 100 MHz. Finally, we observe that the change in effective refractive index drops more quickly with increasing IDT period beyond the maximum for configuration EBC (Fig. 7(c) ) compared to the other two configurations.
Effective refractive index dependency on PZT thickness
So far, we have only considered the variation with Λ for a few fixed values of the PZT layer thickness. In Fig. 8(a-c) we show the calculated relative change in effective refractive index as a function of the PZT layer thickness, d, for the configurations ETD (a), EBD (b), and EBC (c), respectively. In each case, ∆n/n eff is calculated for three different IDT periods, Λ = 25, 30 and 35 µm and the remaining parameters are as for Fig. 7 . With the IDT electrode on top (ETD), i.e., with the electrode at the PZT-air interface, we find that ∆n/n eff is almost constant for d < 3 µm for each of the three IDT periods investigated. For larger values of d, ∆n/n eff starts to differ between the three configurations ( Fig. 8(a) for the other two IDT periods investigated. For the case of the IDT electrode placed at the bottom of the PZT layer and no conductive layer placed in the opposite side (EBD), Fig. 8(b) shows that ∆n/n eff is almost independent of d for the three IDT periods investigated. A decrease in ∆n/n eff is found only for very small (< 1 µm) or very large (> 4 µm) thickness of the PZT layer. On the other hand, with the IDT electrode at the bottom and a 100-nm conductive gold layer at the opposite site of the PZT layer (EBC), Fig. 8(c) shows a strong variation of ∆n/n eff with d for all periods investigated. The optimum layer thickness for maximum ∆n/n eff is between 3 and 4 µm, depending on the IDT period. The largest ∆n/n eff of ∼ 0.12% is obtained with this configuration for Λ ≈ 30 µm and d ≈ 4 µm. This corresponds to an absolute change in index of ∆n = 1.7 × 10 −3 . Both Figs. 7 and 8 show that the induced change in effective refrative index depends on (i) the location of the IDT electrode, (ii) its period, (iii) the thickness of the PZT layer and (iv) whether there is a thin conductive layer opposite the IDT electrode or not. To find the maximum value for ∆n/n eff requires a two-dimensional scan over the IDT period and PZT layer thickness for each of the configurations. Although we have not fully scanned the complete parameter space, Figs. 7 and 8 indicate that the scans presented in these figures should be close to or even contain the optimum combination of Λ and d to achieve a maximum change in the effective refractive index for each of the configurations investigated.
In summary, having an IDT electrode on top of the PZT layer with a 100-nm thick Pt layer at the SiO 2 -PZT interface (ETC) results in a extremely weak SAW in the cladding region. This configuration was therefore not studied further. Having instead a very thin dielectric seed layer at the SiO 2 -PZT interface (ETD) results in a SAW that penetrates well into the cladding region, however the magnitude of the induced strain and hence the of the maximum relative change in the effective refractive index of ∼ 0.08% is smallest of the remaining configurations. Optimum values for the IDT period and PZT layer thickness are 25 µm < Λ < 40 µm and 1 µm < d < 2 µm, respectively, depending on the configuration. Moving the IDT electrode to the SiO 2 -PZT interface and having no opposite conductive layer (EBD) generates a maximum relative change in effective refractive index of ∼ 0.10% for a wide range of IDT periods (25 µm < Λ < 40 µm) and thicknesses of the PZT layer (1 µm < d < 4 µm). Finally, terminating the SiO 2 -air interface with a 100-nm gold layer (EBC) results in a configuration that generates the largest relative change in effective refractive index of ∼ 0.12%, although with the smallest parameter range of 20 µm < Λ < 30 µm and 3.5 µm < d < 4 µm. With the additional gold layer at the SiO 2 -air interface, the electric field provided via the IDT electrode is confined to the PZT layer and this produces a SAW wave that generates the largest strain at the location of the waveguide core, though with a stronger dependence on the IDT period and PZT layer thickness. Although this configuration and the required thickness of the PZT layer results in a slightly lower resonant acoustic frequency (c.f. Fig. 3) , and hence the modulation frequency, the larger induced change in effective refractive index makes this the favorable configuration of the four investigated.
Optimized design and geometry
Now that we have calculated the maximum value for ∆n/n eff provided by the optimal configuration, which is 0.12%, we use eq. 6 to calculate the required length of the arms of a balanced Mach-Zehnder interferometer to obtain complete light modulation at the acoustic resonance frequency.
For a vacuum wavelength of λ = 840 nm, we find L = 120 µm using n eff = 1.464 for the quasi-TM polarized light. The voltage applied to the IDT has an amplitude of 10 V. Due to the linearity of the strain with applied voltage expected in this regime of small strain and index modulation, obtaining full light modulation at a shorter wavelength, say half the used wavelength (420 nm) would required driving the IDTs only at half the voltage (∼ 5 V). In contrast, modulating light with a longer wavelength, say at telecom wavelengths (1550 nm), would almost double the required driving voltage (∼ 18.5). Nevertheless, both values are well within the expected operating range that may extend to voltage amplitudes of 50 V or more before breakdown occurs [19, 30, 37] . This means that depending on the selected voltage or wavelength even a smaller arm length than 120 µm might be sufficient to obtain full light modulation.
Summary and Conclusions
In this work we investigated the use of a Rayleigh-type surface acoustic waves (SAWs) to modulate the effective refractive index of an optical mode guided by a buried Si 3 N 4 waveguide core in a SiO 2 cladding. We considered that the acoustic waves are excited in a PZT piezo-electric film layer deposited on top of the waveguide cladding via interdigitized electrodes, at a frequency in the order of 100 MHz.
Considering a balanced Mach-Zehnder interferometer, the modulation of the effective refractive index can be used to obtain full, i.e., 100%-modulation of the light power and amplitude, at the acoustic frequency. The optical waveguide considered here consists of a Si 3 N 4 core, with dimensions of 4.4 µm by 30 nm, buried in a SiO 2 cladding 8 µm below the surface, which is typical for this lowloss photonic platform. The SAWs generated by the thin PZT layer is guided in the interface between the PZT and the cladding, while its evanescent strain field extends towards depths that include the waveguide core. The strain induced by the SAW results in a change of the effective refractive index of the waveguide via the strain-optic effect.
We find that of four investigated IDT-PZT arrangements, the combination of IDT electrode at the interface SiO 2 -PZT with a counterelectrode at the PZT-air interface (configuration EBC) is the most efficient in generating strain in the cross sectional area of the optical mode. This results in a maximum relative change in effective refractive index for the fundamental waveguide mode of ∆n/n eff = 0.12% for a wavelength in the middle of the working range of this waveguide, here taken as λ = 840 nm, with quasi-TM polarization. The maximum modulation is obtained near-resonance at a driving voltage of 10 V for an IDT electrode periodicity Λ = 30 µm with a PZT thickness d = 4 µm.
For the maximum relative change in refractive index, the arm length required in a balanced Mach-Zehnder interferometer is 120 µm, with 100% light modulation driven with 10 V at a frequency of 90 MHz. We note that this frequency is larger by at about five orders of magnitude compared to thermo-optic intensity modulators and about two orders of magnitude compared to a stress-optic intensity modulator where stress is induced via a single electrode [18] .
We note that also the required interaction length (for a MZI) is shorter, by a factor about five to ten, than what is typically used in thermally operated MZI (500 µm) and by a factor of 80 compared to proximity strain-optic modulation [18] . As a parallel route for optimization, IDT electrodes might be configured to generate a focused SAW [44] to increase the strain in the region of the optical mode. An additional variation would be meandering the optical waveguide though the SAW field for shortening of the required overlap length with the transverse SAW field dimension. Also, the cladding height above the core might be reduced by one third without affecting notably the optical propagation loss, because the optical mode with our example wavelength, and also for even shorter wavelengths as in [18] does not extend too far outside the core (c.f. Fig. 6 ). Another advantage of using a SAW to drive a Mach-Zehnder interferometer is that it can coherently drive multiple interferometers located suitably next to each other for providing a stable phasing relative to each other. This is if interest, e.g., for low-loss phase modulators that form optical isolators based on acoustic waves [45, 46] .
